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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction 
As a difficult-to-machine material, Ti6Al4V titanium alloy 
induces short tool life and poor surface integrity. Numerical 
simulation of machining is an effective method to predict those 
outcomes without performing time consuming and expensive 
machining tests. Moreover, the constitutive model, which 
describes the mechanical behaviour of the work material, is 
crucial for the simulations.  
Johnson-cook (JC) constitutive model [1] is available in 
almost the co mercial finite element method (FEM) software 
and often used in numerical simulations of several process, 
i cluding: high velocity impact, metal forging and machining. 
This model consid rs the strain hardening, strain rate a d 
t perature effects on the material pl stici y and damage. 
How ver, it lacks t  reproduce the state of stress effects in the 
material plasticity and damage. Bai and Wierzbicki [2] 
introduced a constitutive model by accounting for the state of 
stress, which is characterized by two parameters: the stress 
triaxiality  and the Lode angle (̅ . The stress triaxiality () is 
a ratio of mean stress   and the equivalent von-Mises stress. 
The Lode angle (̅  is defined by the angle between the stress 
tensor that passes through the deviatoric plane and the axis of 
the principal stresses [2]. 
The determination of the constitutive model coefficients is 
an important task in the model setup. The goal is the 
determination of the coefficients values for a give material 
based on experimental data, mainly coming from mechanical 
tests. Melkote et al. [3] present different methods, including 
direct and inverse methods, which can be used to determine the 
constitutive model coeffici nts. The inverse methods based on 
optimiz tion algorithms are appropriate for determining  
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Abstract 
This paper deals with the determination of the constitutive model coefficients used in machining simulations. An optimization-based procedure 
is developed and applied to constitutive model coefficients determination of Ti6Al4V titanium alloy. The procedure is implemented in LS-
Dyna/LS-Opt software, coupled with Abaqus/Explicit to calculate the force-displacement curve at each iteration, which is required for the 
optimization-based procedure. The robustness of the procedure to determine the constitutive model coefficients is evaluated by comparing the 
predicted and measured plastic strain distributions in the samples. 
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1. Introduction 
As a difficult-to-machine material, Ti6Al4V titanium alloy 
induces short tool life and poor surface integrity. Numerical 
simulation of machining is an effective method to predict those 
outcomes without performing time consuming and expensive 
machining tests. Moreover, the constitutive model, which 
describes the mechanical behaviour of the work material, is 
crucial for the simulations.  
Johnson-cook (JC) constitutive model [1] is available in 
almost the commercial finite element method (FEM) software 
and often used in numerical simulations of several process, 
including: high velocity impact, metal forging and machining. 
This model considers the strain hardening, strain rate and 
temperature effects on the material plasticity and da age. 
However, it lacks to reproduce the stat  of stress effects i  the 
material plasticity and damage. Bai and Wierzbicki [2] 
introduced a constitutive model by accounting for the state of 
stress, which is characterized by two parameters: the stress 
triaxiality  and the Lo e a gle (̅ . The stress triaxiality () is 
a ratio of mean stress   and the equivalent von-Mises stress. 
The Lode angle (̅  is defined by the angle between the stress 
tensor that passes through the deviatoric plane and the axis of 
the principal stresses [2]. 
The determination of the constitutive model coefficients is 
an important task in the model setup. The goal is the 
determination of the coefficients values for a give material 
based on experimental data, mainly coming from mechanical 
tests. Melkote et al. [3] present different methods, including 
direct and inverse methods, which can be used to determine the 
constitutive model coefficients. The inverse methods based on 
optimization algorithms are appropriate for determining the 
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coefficients of complex constitutive models involving many 
variables. The inverse method consists of simulating the 
experimental test by modifying the constitutive model 
parameters iteratively to minimize the difference between the 
predicted and measured data. As mentioned by Melkote et al. 
[3], several optimization algorithms can be used for this 
purpose, organised in three main groups: gradient-based, 
derivative-free search and evolutionary algorithms.  Depending 
on the applied determination method, different constitutive 
model coefficients can be generated. So, this may contributes 
to the dispersion of coefficients values found in the literature 
for the same material, as it is the case of the JC model of 
Ti6Al4V titanium alloy [4-6]. 
In this paper, an optimization-based procedure is proposed to 
determine the constitutive model coefficients of Ti6Al4V 
titanium alloy. To determine the model coefficients, different 
specimens and tests configurations are designed and the 
corresponding mechanical tests are performed. Then, based on 
the experimental data from these mechanical tests, the 
coefficients are determined using the optimization-based 
method implemented in LS-DYNA/LS-Opt software. 
2.   Constitutive model 
Cheng at al.  [8]  proposed a constitutive model to describe 
the mechanical behavior of Ti6Al4V alloy in metal cutting, 
which includes the strain hardening, strain rate and state of 
stress effects. Since the plasticity (flow stress) is the most 
important part of this model, it is used in this study to 
demonstrate the determination of the constitutive model 
coefficients, considering the optimization-based procedure. 
This plasticity part of the constitutive model is given by the 
following equation: 
?̃?𝜎 = [𝐴𝐴 + 𝑚𝑚𝜖𝜖𝑝𝑝𝑛𝑛] [𝐵𝐵 + 𝐶𝐶𝐶𝐶𝐶𝐶 (𝐸𝐸 + ?̇?𝜖?̇?𝜖0)] [1 − 𝑐𝑐𝜂𝜂(𝜂𝜂 − 𝜂𝜂0)][𝑐𝑐𝜃𝜃
𝑠𝑠 +
( 𝑐𝑐𝜃𝜃𝑎𝑎𝑎𝑎 − 𝑐𝑐𝜃𝜃𝑠𝑠) (𝛾𝛾 −
𝛾𝛾𝑎𝑎+1
𝑎𝑎+1 )]
where: i) A, m, and n are material coefficients for strain 
hardening effect; ii) B, C, E are the material coefficients for 
strain rate effect; iii) 𝑐𝑐𝜂𝜂  is a material coefficient for stress 
triaxiality effect; iv) , 𝑐𝑐𝜃𝜃𝑡𝑡 ,  𝑐𝑐𝜃𝜃𝑐𝑐 ,  𝑐𝑐𝜃𝜃𝑠𝑠 , and  are the material 
coefficients for the Lode angle effect; v) 𝜂𝜂0  and 𝜖𝜖0̇  are the 
reference stress triaxiality and reference strain-rate, 
respectively; vi) the coefficient γ represents the difference 
between von-Mises and Tresca equivalent stresses in the 
deviatoric stress plane; and vii) the coefficients 𝑐𝑐𝜃𝜃𝑡𝑡 , 𝑐𝑐𝜃𝜃𝑐𝑐, 𝑐𝑐𝜃𝜃𝑠𝑠 are 
correlated and at least one of them equals to one [2]. For 
example, in compression test of cylindrical specimens at quasi-
static conditions, 𝜂𝜂0 is -1/3, 𝜖𝜖0̇ is 0.05 s-1 and 𝑐𝑐𝜃𝜃𝑐𝑐  is 1. 
The temperature effect isn’t considered in this plasticity model 
for two main reasons. First, commonly mechanical tests at high 
strain rates already include the effect of temperature on the 
mechanical behaviour. Second, the temperature of the 
workpiece in the primary deformation zone in metal cutting 
hardly exceeds 200°C due to mass transportation (i.e. heat 
advection) by the moving chip . 
3. Specimen geometries and mechanical tests 
According to the constitutive model, 13 coefficients 
associated to three factors affecting the mechanical behaviour 
(strain hardening, strain rate and state of stress effects) need to 
be determined. For this reason, different specimens’ geometries 
are designed and fabricated, to generate a wide range of stress-
states [8]. Therefore, five specimens’ geometries are selected 
for the mechanical tests: cylindrical, smooth round bar (SRB), 
notched round bar (NRB), double notched (DN) specimen and 
notched flat plate (NFP). Then, tensile and compression tests at 
quasi-static conditions and at different strain rate were 
performed. Quasi-static (compression and tensile) tests of all 
above-mentioned specimen’s geometries were performed at 
room temperature on the servohydraulic machine (Fig. 1). This 
machine is equipped with a Digital image correlation (DIC) 
system composed by two CCD cameras and DIC software, to 
determine the displacement and strain distribution at the 
specimen’s surface [9]. An extensometer is also used to 
measure the local displacement between two gauge points.  
 
   
(a)    (b) 
Fig. 1. Tensile test of a round bar on a servohydraulic machine equipped with: 
a) extensometer; b) 3D DIC system. 
As an example, Fig. 2 shows the force-displacement curves 
obtained from the tensile tests of SRB. However, to determine 
the constitutive model coefficients the force-displacement 
curves were also obtained for the other specimens’ geometries. 
 
 
Fig. 2. Force – displacement curves of tensile tests of SRB using both 3D 
DIC and extensometer 
Furthermore, a Split Hopkinson Pressure Bar (SHPB) 
apparatus was used to perform the compression tests of 
cylindrical specimens at different strain rates. 
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4. Determination of the constitutive model coefficients 
4.1. Procedure description 
To determine the constitutive model coefficients, four 
combinations mechanical tests and specimens’ geometries are 
used. The first combination is the compression test using 
cylindrical specimen, which are used to determine the 
coefficients related to the strain hardening and strain rate (A, B, 
C, m, n and E). Since, the reference test is defined as the quasi-
static compression tests of cylindrical specimens, the reference 
coefficients are given by: 𝜂𝜂0 = −0.333, 𝜖𝜖0̇ = 0.05 s-1 and 𝑐𝑐𝜃𝜃𝑐𝑐 =
1 . The second combination is the compression test using 
double notched specimen, used to determine the c and 𝑐𝑐𝜃𝜃𝑠𝑠   
coefficients. The third combination is the tensile test using 
notched round bar, which are used to determine the remaining 
coefficients, 𝑐𝑐𝜃𝜃𝑡𝑡  and a. 
 The coefficients are determined using the following 
sequential steps: 1st) A, B, C, m, n and E coefficients; 2nd) c 
and 𝑐𝑐𝜃𝜃𝑠𝑠  coefficients; and 3rd) 𝑐𝑐𝜃𝜃𝑡𝑡  and a coefficients. In each step, 
some initial model coefficients are determined using a direct 
method, based on the nonlinear least square method.  Then, 
these coefficients are used as initial values in an optimization-
based procedure to determine their optimal ones. As shown in 
Fig. 3, this procedure consists into simulate the experimental 
test by modifying the constitutive model parameters iteratively 
to minimize the difference between the predicted and 
experimental measured force-displacement curves. At each 
iteration a new set of coefficients are calculated by an 
optimization-based procedure. This procedure is implemented 
in LS-Opt software, an optimization software module from LS-
Dyna. This software can be connected to FEA software to run 
the numerical simulations, such as Abaqus/explicit, used in this 
work. 
Fig. 4 shows the implementation of the optimization-based 
procedure in Ls-Opt software. This figure shows the particular 
case of the determination of the strain hardening and strain rate 
coefficients (A, B, C, m, n and E) of the plasticity model. The 
procedure is composed by the following steps: 1) coefficients 
initialisation (initial values); 2) selection of the best 
coefficients values from a given range, using a Design of 
Experiments (DoE) method; 3) run mechanical tests 
simulations in Abaqus/Explicit; 4) build metamodel; 5) 
comparison between calculated and measured force-
displacement curves, applying Curve Mapping Segment (CMS) 
or Mean Squared Error (MSE) methods;  6) execute metamodel 
optimization using hybrid adaptive simulated annealing (ASA) 
and Leapfrog Optimizer for Constrained Minimization (LFOP) 
algorithms; and 7) verification of the termination criterion. 
 
 
Fig. 3. Flowchart of the optimization-based procedure 
 
 
Fig. 4. Optimization-based procedure of the model coefficients determination using the compression tests of cylindrical specimens in Ls-Opt software. 
 
Since the quasi-static compression test of a cylindrical 
specimen is the reference test, Eq. 1 is reduced to the first two 
terms, i.e., the strain hardening and strain rate terms. The initial 
coefficients values and corresponding ranges are determined 
using the results from the cylindrical specimens by applying a 
direct method [3]. Then, a DoE method (D-optimal design) is 
applied to select the best (optimal) set of coefficients values to 
build a response surface. For small number of coefficients, the 
full factorial design is used, otherwise a space filling method is 
applied [10]. Therefore, a good balance between accuracy and 
computational time can achieved. 
 
Simulation of mechanical test: Abaqus/Explicit
D-optimal design: Selection of coefficients
Curve mapping segment method
1
3
2
45
6
7
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After the coefficients values have been selected, 
Abaqus/explicit is used to simulate the compression test of the 
cylindrical specimens at different strain rates. Then, the 
obtained calculated force-displacement curves are exported to 
LS-Opt software and compared with the experimental 
measured ones. To evaluate the difference between them, the 
CMS method is used, which calculates the smallest area 
between the measured and calculated force-displacement 
curves (Fig. 5a). In this method, a segment with the same length 
as the measured curve is moving from the starting point to the 
end point of the calculated curve, until the smallest polygon 
between this segment and measured curve is found [11]. 
Additionally, the MSE method calculates the sum of the 
squares of the distances in the y-coordinate between the target 
points and the interpolated points on the calculated curve (Fig. 
5b). Compared with the MSE method, the CMS method 
incorporates both the ordinate and the abscissa into the 
difference computation, so the hysteretic curve and vertical 
sections of curve can be identified [11]. 
 
In the next step of optimisation-based procedure, the 
difference between the calculated and the measured force-
displacement curves is minimized using a hybrid algorithm, 
which uses ASA algorithm to find an approximate global 
optimum solution, followed by LFOP algorithm to sharpen this 
solution. 
 
 
 (a) 
 
(b) 
Fig. 5. Difference between calculated and measured force-displacement 
curves evaluated by a) MSE method; b) CMS method [11]. 
After each iteration a termination criterion (force-
displacement error and maximum number of iterations) is 
checked and if it is not satisfied the sequential response surface 
(SRS) method is applied to build a new response surface for the 
next iteration. The typical feature of this method is that the size 
of the subregion (range of determined coefficients) is adjusted 
at each iteration, which gives higher accuracy when optimizing 
using metamodels. The optimization process stops when the 
termination criterion is satisfied. The above-described 
optimisation-based procedure was also applied to determine 
other constitutive model coefficients. 
4.2. Verification 
In order to evaluate the robustness of the proposed 
optimisation-based procedure to determine the constitutive 
model coefficients, predicted and measured plastic strain 
distributions in the deformed samples are compared. The 
predicted plastic strain distribution was obtained by numerical 
simulation of the mechanical tests, while the measured one was 
obtained from the mechanical tests using the DIC technique. 
This analysis was performed on samples not used in the 
coefficients’ determination procedure. 
Fig. 6 shows the equivalent plastic strain distribution 
measured by DIC technique (right side) and that predicted by 
the numerical simulation (left side) of the compression test of 
the DN specimens with pressure angle 60o. 
   
 
Fig. 6. Equivalent plastic strain distribution in the DN specimen (pressure 
angle of 60o) at damage initiation, obtained by numerical simulation (left 
side) and measured by DIC (right side). 
 
Fig. 7. Equivalent plastic strain distribution in the NRB (notch radius of 6 
mm) at damage initiation, obtained by numerical simulation (left side) and 
measured by DIC (right side). 
These strain distributions are obtained at damage initiation, 
when the strength of workpiece starts to degrade. This figure 
shows that the measured and predicted plastic strain 
distributions are identical, showing a plastic strain localization 
Equivalent plastic 
strain
i l  l i  
Equivalent plastic 
strain
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in the centre of the specimen. Identical numerical simulation 
was performed for the NRB with a notch radius of 6 mm. Fig. 
7, shows the equivalent plastic strain distribution in this sample, 
obtained by simulation (left side) and measured by DIC (right 
side). As can be seen by this figure, these equivalent plastic 
strain distributions are identical. 
5. Conclusions and outlook 
An optimization-based procedure was successfully applied 
to determine the constitutive model coefficients of Ti6Al4V 
titanium alloy. This procedure was implemented in LS-Opt 
optimisation software, connected with Abaqus/explicit for the 
numerical simulations. 
A comparison between predicted and measured plastic 
strain distributions in the deformed samples has demonstrated 
the robustness of the proposed optimisation-based procedure to 
determine the constitutive model coefficients. 
As outlook, the determined constitutive model coefficients 
will be used in a machining model of Ti6Al4V, to predict the 
machined surface integrity.   
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